Abstract: Microencapsulated Phase Change Materials (MPCM) are widely used in active and passive systems for thermal energy storage. To evaluate the strength of a proper shell/PCM system, comparisons were performed between laboratory-prepared MPCM samples produced by in situ polymerization with a phase change temperature of 50 • C and a particle size of around 1-2 µm with tetracosane as PCM, and polystyrene (PS) and poly (methyl methacrylate) (PMMA) as shells. Evaluation of mechanical performance was performed for different samples by means of Atomic Force Microscopy (AFM) at different temperatures (23 • C and 60 • C) and with different encapsulation ratios (1:3 and 1:1, shell:core) in order to compare their properties with the PCM below and above its phase change. Evaluations of the Effective Young's modulus (E) and deformation properties were performed for both types of MPCM. For an encapsulation mass ratio of 1:3, PS has better mechanical properties because, when increasing the temperature, the E decreases less than with PMMA. In the comparison between PS/tetracosane systems with different encapsulation mass ratios (1:3 and 1:1), E values were higher for the 1:3 encapsulation mass ratio at both temperatures under study. This means that, in terms of mechanical and thermal properties, the best combination core/shell/encapsulation mass ratio is PS/tetracosane/1:3.
Introduction
Phase Change Materials (PCMs) are a solution widely used for decreasing a building's energy consumption [1] by storing and releasing heat within a certain temperature range, raising the buildings inertia, and stabilizing indoor climates. However, because PCMs cyclically change their phase from solid to liquid during the charging and discharging of the heat storage process, there is a necessity for retaining the PCMs in containers or matrices. The methodologies by which PCM are confined depend on the thermal energy storage (TES) application. Among the available methodologies, the encapsulation of PCM in a container as a supporting material that maintains the shape of the Microencapsulated Phase Change Material (MPCM) when transitions occur has been explored, this being this one of the most efficient ways of confining PCM [2] . There are several advantages for MPCM over PCM, such as providing a large heat transfer area, the reduction of the PCM reactivity towards the outside environment, and the ability to control the variations in volume of the storage materials as phase change occurs [3] , among others. In building applications, for example, the organic PCM is encapsulated not only for preventing leakage but for preventing the evaporation or release of some of their components [4] .
Although it is important to distinguish between different MPCM usages in passive and active solar systems, the chemical, physical, thermal, and mechanical properties have to be evaluated in the same way. A passive solar system does not involve mechanical devices or conventional energy sources beyond those needed to regulate dampers and other controls. Examples of basic passive solar structures are greenhouses, sunrooms, and solariums. In terms of design, the success of the passive solar system will depend on the orientation and the thermal mass of the structure's exterior walls, as these factors determine their ability to store and redistribute heat. On the other hand, active solar energy systems use the same basic principles as passive systems, except that they use a heat transfer fluid (for example water) to absorb heat. Active solar systems use external sources of energy to pumps and other types of equipment to collect, store and convert solar energy.
Around fifty different polymers, both natural and synthetic, can be employed as shell materials in the microencapsulation process for MPCMs [5] . The polymeric shell has to be capable of creating a thin film, cohesive and stable, coating the PCM. Hence, the polymeric shell has to be chemically compatible and non-reactive with the core material, as well as able to polymerize in an aqueous medium. Furthermore, the strength, flexibility, impermeability, and stability have to be adequate for the whole system. The thickness of the shell can vary depending on the encapsulation methodology. A good option for a polymeric shell is poly (methyl methacrylate) (PMMA), because it has suitable mechanical properties, is an adaptable material, and offers decent protection against the environment [6] [7] [8] . It has also been reported elsewhere [9] [10] [11] [12] [13] [14] that polystyrene (PS) is also a good option for encapsulating PCM. Regarding PCM, the material that is to be coated will depend on its final application [15] [16] [17] [18] . Its composition can be a single solid substance or a combination of active constituents [19] [20] [21] . PCM can be organic, inorganic, or eutectic, but a high thermal energy storage capacity is required, and is the most important property to take into account.
Although there are a lot of studies considering commercial samples such as Micronal ® DS 5001 [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] , there have also been MPCMs produced in research laboratories with good results [9, [32] [33] [34] , some of which have been characterized for evaluating their possible usage at industrial scale. Most of the studies that characterize MCPM take into account the chemical, physical, and thermal properties, but few characterize their mechanical properties by Atomic Force Microscopy (AFM) with indentation mode [35] . The relevance of mechanical property evaluation lies in the importance of analyzing the MPCM in service conditions when the PCM is in solid and liquid states [36] .
The goal of this paper was to test the mechanical properties (Effective Young's modulus, E and deformation) of two laboratory-made tetracosane MPCMs with nominal diameters of around 1-2 µm, in order to evaluate their stiffness and decide the best shell between PMMA and PS based on their mechanical properties. Additionally, the mechanical response based on differences in the encapsulation ratio between shell and core-1:3 and 1:1-was also evaluated.
Materials and Methods
The procedure for manufacturing the MPCM was in situ polymerization [5] . The two kinds of MPCM had different polymeric shells: poly(methyl methacrylate) (PMMA) and polystyrene (PS), respectively. For both types of shell, the core of the PCM was tetracosane, C 24 H 50 , with a melting temperature of around 50 • C. Moreover, two encapsulation mass ratios (shell:core), 1:3 and 1:1, were tested. The average diameter for all microcapsules was 1-2 µm.
MMA monomer and ethyleneglycol dimethacrylate crosslinker were both obtained from Merck Company (Darmstadt, Germany). They were used after NaOH solution (10 wt % in water) treatment to remove monomethylether hydroquinone inhibitor. Tertbutylhydroperoxide initiator from Merck Company (Darmstadt, Germany) was used as received. Ferrous sulphate heptahydrate (FeSO 4 ·7H 2 O) and ammonium persulphate (Sigma-Aldrich company, St. Louis, MO, USA) were also initiators and used as received. Triton X-100 was used as surfactant, and was supplied by Sigma-Aldrich (Darmstadt, Germany).
In this study, mechanical tests were performed using the Atomic Force Microscopy (AFM) technique with a Peak Force Quantitative NanoMechanics mode (QNM) instrument (Terrassa, Spain).
A Multimode 8, Nanoscope V electronics system was used. Additionally, a diamond AFM probe MDNISP with a nominal spring constant of 388 nN·nm −1 was also used. The sensitivity was 68.2 nm·V −1 , and the set point was between 400 and 550 nN. The peak force amplitude was 150 nm.
Sample preparation consisted of the previous elaboration of slurries by mixing manufactured MPCM with ethanol. Then, 50 µL of slurry was poured on freshly cleaved mica and gently dried with a nitrogen stream. The vertical force required to plastically deform the microcapsules was tested in triplicate for both PMMA:tetracosane and PS:tetracosane samples. Furthermore, topographic images before and after each indentation were taken. These images before and after performing the tests were acquired for each sample at 23 • C and 60 • C to compare the properties of both behaviors when the PCM was in solid state (below its phase change) and liquid state (above to its phase change).
Results and Discussion
The Effective Young's modulus (E) at 23 • C and 60 • C was evaluated for three different samples at each temperature on the top of the microcapsules. In Figure 1 , the histograms displaying the results for the sample composed of PMMA and tetracosane (1:3) for both temperatures are shown. This is a graphical representation of the data distribution as a probability distribution estimation of a quantitative variable. The difference obtained when increasing the temperature is noticeable. At 23 • C, the E value of the PMMA microcapsules had a mean of 2.7 GPa, while at 60 • C this value dramatically decreased to 0.1 GPa. That is, there was a 96% of E reduction between the temperatures.
The histograms showing the results for PS and tetracosane (1:3) are shown in Figure 2 . In this case, E at 23 • C had an average value of 1.5 GPa, while E at 60 • C was 1.1 GPa. This means a 27% reduction of Effective Young's Modulus between the temperatures. Accordingly, and only taking into account the E values, it would be better to use polystyrene (PS) as a shell in a MPCM system due to the E value not decreasing so abruptly when the temperature rises.
Additionally, tests were performed to evaluate the maximum force that can be applied on the top of the microcapsule before breaking it. In the case of the MPCM formed using PMMA as the shell and tetracosane as a PCM, this force at 23 • C was 31.2 µN, as shown in Figure 3 . In a typical loading curve, the applied force is proportional to the deflection error, and Z (nm) is the penetration of the tip inside the sample. Four subsections can be taken into account in this kind of graph: (a) No contact between sample and tip. In the graph, this point (a) is marked with an arrow and an image of the sample before applying forces has also been added. This is the first part of the blue continuous line; (b) Plastic deformation or plastic penetration of the sample. There is a change in the slope, which can be defined as the maximum force that can be applied to the sample. This is the area between two vertical discontinuous lines, and is also marked with an arrow; (c) Deformation of the sample; (d) Retraction of the AFM probe until there is no contact between the tip and the sample, which is marked by a red discontinuous line. Most of the time, the end of line (d) and the beginning of line (a) are overlapped. In this study, mechanical tests were performed using the Atomic Force Microscopy (AFM) technique with a Peak Force Quantitative NanoMechanics mode (QNM) instrument (Terrassa, Spain). A Multimode 8, Nanoscope V electronics system was used. Additionally, a diamond AFM probe MDNISP with a nominal spring constant of 388 nN·nm −1 was also used. The sensitivity was 68.2 nm·V −1 , and the set point was between 400 and 550 nN. The peak force amplitude was 150 nm.
Sample preparation consisted of the previous elaboration of slurries by mixing manufactured MPCM with ethanol. Then, 50 μL of slurry was poured on freshly cleaved mica and gently dried with a nitrogen stream. The vertical force required to plastically deform the microcapsules was tested in triplicate for both PMMA:tetracosane and PS:tetracosane samples. Furthermore, topographic images before and after each indentation were taken. These images before and after performing the tests were acquired for each sample at 23 °C and 60 °C to compare the properties of both behaviors when the PCM was in solid state (below its phase change) and liquid state (above to its phase change).
The Effective Young's modulus (E) at 23 °C and 60 °C was evaluated for three different samples at each temperature on the top of the microcapsules. In Figure 1 , the histograms displaying the results for the sample composed of PMMA and tetracosane (1:3) for both temperatures are shown. This is a graphical representation of the data distribution as a probability distribution estimation of a quantitative variable. The difference obtained when increasing the temperature is noticeable. At 23 °C, the E value of the PMMA microcapsules had a mean of 2.7 GPa, while at 60 °C this value dramatically decreased to 0.1 GPa. That is, there was a 96% of E reduction between the temperatures.
The histograms showing the results for PS and tetracosane (1:3) are shown in Figure 2 . In this case, E at 23 °C had an average value of 1.5 GPa, while E at 60 °C was 1.1 GPa. This means a 27% reduction of Effective Young's Modulus between the temperatures. Accordingly, and only taking into account the E values, it would be better to use polystyrene (PS) as a shell in a MPCM system due to the E value not decreasing so abruptly when the temperature rises.
Additionally, tests were performed to evaluate the maximum force that can be applied on the top of the microcapsule before breaking it. In the case of the MPCM formed using PMMA as the shell and tetracosane as a PCM, this force at 23 °C was 31.2 μN, as shown in Figure 3 . In a typical loading curve, the applied force is proportional to the deflection error, and Z (nm) is the penetration of the tip inside the sample. Four subsections can be taken into account in this kind of graph: (a) No contact between sample and tip. In the graph, this point (a) is marked with an arrow and an image of the sample before applying forces has also been added. This is the first part of the blue continuous line; (b) Plastic deformation or plastic penetration of the sample. There is a change in the slope, which can be defined as the maximum force that can be applied to the sample. This is the area between two vertical discontinuous lines, and is also marked with an arrow; (c) Deformation of the sample; (d) Retraction of the AFM probe until there is no contact between the tip and the sample, which is marked by a red discontinuous line. Most of the time, the end of line (d) and the beginning of line (a) are overlapped. The same test was performed at 60 °C, and the result was 11.4 μN, 63.5% less than that obtained at room temperature. The graphic representation is shown in Figure 4 . The same test was performed at 60 °C, and the result was 11.4 μN, 63.5% less than that obtained at room temperature. The graphic representation is shown in Figure 4 . The same test was performed at 60 • C, and the result was 11.4 µN, 63.5% less than that obtained at room temperature. The graphic representation is shown in Figure 4 . The same kind of test was done for the sample composed by PS and tetracosane at 23 °C and 60 °C. The results can be observed in Figures 5 and 6 , respectively. At 23 °C, the maximum force applied to the top of the microcapsule before breaking it was 13.2 μN, while at 60 °C, this force was 5.3 μN. In the light of these results, the force value diminished 60% from room temperature to 60 °C. The same kind of test was done for the sample composed by PS and tetracosane at 23 • C and 60 • C. The results can be observed in Figures 5 and 6 , respectively. At 23 • C, the maximum force applied to the top of the microcapsule before breaking it was 13.2 µN, while at 60 • C, this force was 5.3 µN. In the light of these results, the force value diminished 60% from room temperature to 60 • C. The same kind of test was done for the sample composed by PS and tetracosane at 23 °C and 60 °C. The results can be observed in Figures 5 and 6 , respectively. At 23 °C, the maximum force applied to the top of the microcapsule before breaking it was 13.2 μN, while at 60 °C, this force was 5.3 μN. In the light of these results, the force value diminished 60% from room temperature to 60 °C. Accordingly, for an encapsulation ratio of 1:3, PS has a better mechanical performance as a shell than PMMA, because the E value only decreases by 27% (as opposed to by 96% of PMMA) when increasing the temperature from 23 °C to 60 °C. However, no significant differences between using PS and PMMA shells were found in terms of the force needed to break the MPCMs with change in temperature from 23 °C to 60 °C (PS and PMMA displaying decrease of 60% and 64%, respectively).
Beyond the previous study comparing MPCM with different shells and same core, the mechanical response of two samples based on the encapsulation ratio was also evaluated. In this case, given the superior performance of PS, two samples using polystyrene (PS) as a shell and tetracosane as the core PCM, with encapsulation mass ratios of 1:3 (results shown above) and 1:1 were compared mechanically. This was performed using the same methodology and equipment as described for the previous measurements.
Histograms for the E results of PS and tetracosane with a mass ratio of 1:1 are shown in Figure  7 . At 23 °C, a value of 0.9 GPa was obtained (Figure 7a ), and at 60 °C this value decreased to 0.1 GPa (Figure 7b) . A reduction in the E value by around 87% is achieved by increasing the temperature to 60 °C. Comparing this value reduction with the 1:3 MPCM encapsulation mass ratio, it can be seen that it is much better to use a ratio of 1:3, because the value only decreases by 27%. Accordingly, for an encapsulation ratio of 1:3, PS has a better mechanical performance as a shell than PMMA, because the E value only decreases by 27% (as opposed to by 96% of PMMA) when increasing the temperature from 23 • C to 60 • C. However, no significant differences between using PS and PMMA shells were found in terms of the force needed to break the MPCMs with change in temperature from 23 • C to 60 • C (PS and PMMA displaying decrease of 60% and 64%, respectively).
Histograms for the E results of PS and tetracosane with a mass ratio of 1:1 are shown in Figure 7 . At 23 • C, a value of 0.9 GPa was obtained (Figure 7a ), and at 60 • C this value decreased to 0.1 GPa (Figure 7b) . A reduction in the E value by around 87% is achieved by increasing the temperature to 60 • C. Comparing this value reduction with the 1:3 MPCM encapsulation mass ratio, it can be seen that it is much better to use a ratio of 1:3, because the value only decreases by 27%. Accordingly, for an encapsulation ratio of 1:3, PS has a better mechanical performance as a shell than PMMA, because the E value only decreases by 27% (as opposed to by 96% of PMMA) when increasing the temperature from 23 °C to 60 °C. However, no significant differences between using PS and PMMA shells were found in terms of the force needed to break the MPCMs with change in temperature from 23 °C to 60 °C (PS and PMMA displaying decrease of 60% and 64%, respectively).
Histograms for the E results of PS and tetracosane with a mass ratio of 1:1 are shown in Figure  7 . At 23 °C, a value of 0.9 GPa was obtained (Figure 7a ), and at 60 °C this value decreased to 0.1 GPa (Figure 7b) . A reduction in the E value by around 87% is achieved by increasing the temperature to 60 °C. Comparing this value reduction with the 1:3 MPCM encapsulation mass ratio, it can be seen that it is much better to use a ratio of 1:3, because the value only decreases by 27%. To sum up, Table 1 shows a summary of the results, where it is important to highlight that, for the comparison study between encapsulation ratio 1:3 and 1:1 in PS:tetracosane, the higher E value takes place in the 1:3 encapsulation mass ratio. Hence, in terms of mechanical properties, the best combination core/sell/encapsulation mass ratio is PS/tetracosane/1:3. Moreover, the thermal properties for the 1:3 ratio are also better, as the PCM content increases. 
Conclusions
The comparison between samples containing tetracosane as the PCM, and PMMA or PS as the shell, shows that PS is a better option with an encapsulation mass ratio 1:3, due to the fact that the Effective Young's modulus value for PMMA decreases 3.5 times more than that of PS when increasing the temperature until the PCM is in liquid state. Additionally, the force required to break the MPCM system is approximately the same for both PS:tetracosane and PMMA/tetracosane at an encapsulation mass ratio of 1:3. The other study performed, which considered a comparison between PS:tetracosane systems with encapsulation mass ratios of 1:3 and 1:1, concluded that the Effective Young's Modulus in the 1:3 encapsulation mass ratio system was higher than that for 1:1; hence, its stiffness is higher. Therefore, to sum up, in terms of mechanical and thermal properties, the best combination core/sell/encapsulation mass ratio of the studies considering laboratory microcapsules is PS/tetrasosane/1:3.
